ABSTRACT. The effects of various growth factors on the colony-forming ability were examined in soft-agar culture of thermosensitive (ts) mutants derived from Chinese hamster lung cells that exhibited anchorage-independent growth. Fibroblast growth factor (FGF), a competence factor, and epidermal growth factor (EGF) and insulin-like growth factor-I (IGF-I), progression factors, did not stimulate colony formation in soft-agar culture of any of the ts cells. Insulin stimulated colony formation in soft-agar culture of some of the thermosensitive mutants at the nonpermissive temperature. These results suggested that the interruption of growth occurred late in the Gi phase of the cell cycle in these mutant cells. Mutants were classified into two groups: members of Group 1 could be stimulated by insulin but not by FGF, EGF or IGF-I (5 clones); members of Group 2 were not stimulated either by insulin, FGF, and EGF or by IGF-I (4 clones). Insulin-binding capacities of mutants designated cs-17-25 and hs-211 did not differ between cells cultured at a nonpermissive and a permissive temperature. The extent of phosphorylation of the insulin receptors of these clones changed depending upon the dose of insulin. However, there were no differences in the extent of autophosphorylation of receptors between the mutant cells cultured at the permissive and the nonpermissive temperature. Therefore, thermosensitivity of colony-forming ability is not the result of any decrease in insulin-binding capacity or in activity of the receptor kinase. These results suggest that the thermosensitive lesions of these ts mutants occur distal to the transduction of a growth signal that is mediated by the kinase activity of the insulin receptor.
The proliferation of normal cells in culture is controlled by exogenous growth factors. In the absence of appropriate mitogens, cells cease to progress through the cell cycle and become reversibly arrested in the G0/Gi phase. In transformed cells, the control of the cell cycle is relaxed and cells may pass through the cell cycle in the absence of exogenous growth factors.
Absence of a requirement for growth factor seems to be an important feature of transformed cells, and it contributes to the defective control of the growth of such cells. Such defective control of growth is observed in association with anchorage-independent growth in semisolid medium.
Among the many indicators in culture of the transformation of animal cells, anchorage-independent growth is very closely correlated with tumorigenicity in vivo (2, 4, 6, 12, 22) . As part of attempts at identifying those factors required for the maintenance of the transformed state, thermosensitive (ts) mutants for anchorage-independent growth have been isolated (15) . The colonyforming ability of these mutants in soft-agar culture is dependent on the incubation temperature, whereas they can grow well on plastic dishes at both permissive and nonpermissive temperatures.
In an effort to characterize the mechanism of the control of growth of these anchorage-independent mutants, a variety of growth factors were used in this study. As described in the present report, insulin stimulated colony formation by five of nine clones of ts cells in soft-agar culture at a nonpermissive temperature.
Other growth factors, such as FGF, EGF, and IGF-I,
were not able to complement the ts deficiency in these ts cells. These ts clones appeared to be arrested at the late stage of the Gi phase of the cell cycle. Insulin-binding experiments revealed that the number of insulin receptors were similar between ts cells cultured at the permissive and the nonpermissive temperature. There were no differences in kinase activities of the insulin receptors between the ts cells cultured at a permissive and a nonpermissive temperature. The extent of autophosphorylation of partially purified insulin receptors was the same in samples obtained from cells cultured at a permissive temperature and in those obtained from cells cultured at a nonpermissive temperature, indicating that the inability of the insulin receptors to form colonies in soft agar-culture is not the result of any decrease in the insulin-binding activity or the kinase activity of the receptors. Fibroblast growth factor (FGF), epidermal growth factor (EGF) and insulin-like growth factor-I (IGF-I) were purchased from Takara Shuzo Co., Ltd. (Kyoto, Japan). Wheat germ agglutinin-agarose (WGA-Agarose) was purchased from Seikagaku Kogyo Co., Ltd. (Tokyo, Japan). Bio-Rad Protein Assay was purchased from Bio-Rad Laboratories (Richmond, CA, U.S.A.). Cell cultures. Thermosensitive mutants in anchorage-independent growth, derived from Chinese hamster lung (CHL) cells (14), were grown on 100-mm plastic dishes (Falcon Plastics Co., CA, U.S.A.) in a humidified CO2 incubator. The culture medium was Ham's F12 supplemented with 5% calf serum and 60 pig/ml of kanamycin (Meiji Seika Kaisha, Ltd., Tokyo, Japan). The procedure for suspended culture in soft agar and the composition of the soft agar medium were described previously (15). Ham's F12 medium supplemented with 10% calf serum was used for these cultures. Cultures in methylcellulose gel were carried out according to the method established by Stoker et al. (23) . In brief, cells suspended in culture medium were mixed with 1.33% (w/v) methylcellulose gel dissolved in culture medium at a ratio of 1 : 9 (v/v), and 1 ml of this mixture was overlaid on an agar bed composed of culture medium solidified Assay of insulin binding to cells on plate. Between 48 to 74 hours before an experiment, cells were detached by treatment with saline solution that contained trypsin (2.5 mg/ml) and EDTA (0.2 mg/ml) and transferred to 35-mm dishes at 5 x 105 cells/dish. For the binding experiment, cells were incubated in modified F-12 medium that contained 20 mM Hepes, pH 7.4, and 1% BSA (buffered medium). Con fluent monolayer cultures of cells (1.2-1.5 x 106 cells/35-mm plate) were incubated with 1 ml of buffered medium containing 5 x 10~n M [125I]-insulin and various concentrations of unlabeled insulin for 25 min at 34°C or 15 min at 39°C. At the end of incubation, the monolayers were washed three times with 2 ml of ice-cold buffered medium, solubilized in 1 ml of 0.1% sodium dodecyl sulfate, and counted in an autogamma counter. Assay of insulin binding to cells in suspension. Cells dispersed with trypsin into single cells were inoculated in methylcellulose medium on solidified agar medium at 106 cells/10-cm plate. After 3 days incubation at the nonpermissive temperature, cells were washed out with buffered medium and collected by centrifugation. Precipitated cells were washed with the same medium twice. Cells (106) were incubated with 0.1 ml of buffered medium containing 5 x 10~u M [125I]-insulin and various concentrations of unlabeled insulin for 25 min at 34°C or for 15min at 39°C. At the end of incubation, the cell suspensions were layered on 200 [A of oil (dinbutyl phthalate : dioctyl phthalate (1.5 : 1.0 (v/v)) in 400 [A polyethylene tubes and centrifuged at 10,000 rpm for 2 min. Tubes were cut at 3 mm up from the bottom, and the parts of the tube bottom's containing cell pellets and bound insulin and other parts of tubes containing free insulin were then counted in an autogamma counter. Phosphorylation of insulin receptors. Solubilized insulin receptors were prepared by the procedure of Kasuga et al. (8) . Cells on dishes (2 x 108) were washed three times with ice-cold calcium magnesium free phosphate buffered saline (PBS (-)) and scraped off the surface with a rubber policeman. The suspensions were centrifuged at 1,000 rpm for 5 min at 4°C. The cell pellets were washed twice with ice-cold PBS (-) and suspended in 2ml ofa solution of 50mM HEPES (pH 7.6), \% Triton X-100, 2 mM PMSF and 1 jug/ml aprotinin. This mixture was incubated for 60 min at 4°C. Undissolved material was removed by centrifugation at 200,000 x g for 60 minutes and discarded. The supernatant was applied immediately to a column of wheat germ agglutinin coupled to agarose (1 ml, packed volume) for adsorption of the glycoproteins. The supernatant was recycled four times through the column. After the column had been washed with 50 ml of a solution of 0.15 M NaCl, 50mM HEPES (pH7.6) and QA% Triton X-100 (washing buffer), insulin receptors were then eluted with a 0.3 M solution of N-acetyl D-glucosamine dissolved in the washing buffer. Fractions of 0.5 ml were collected and their protein contents were estimated by Bio-Rad protein assay standardized against bovine serum albumin. The tubes containing the maximum amounts of protein, which corresponded to the peak of insulin receptors, were pooled to yield a 1-ml solution that contained about 0.2 mg of protein. This solution, denoted "purified receptor", was stored at -70°C.
MATERIALS AND METHODS

Materials
Solubilized insulin receptor protein (10 fig) was diluted to 50 (A in a solution that gave a final concentration of 50 mM HEPES (pH 7.4), 5 mM Mn2+ ions, and 0.1% Triton X-100. Insulin was then added at the appropriate concentration to each reaction mixture. The reaction mixtures were incubated at 34°C or 39°C for 30min, so that binding of hormone reached a maximum level. The phosphorylation reaction was initiated by addition of 5 [A of 100 ftM fr-32P]-ATP (10,000-54,000 cpm/pmol). The mixtures were vortexed and the incubation was continued for 2min at 34°C or 39°C. The reactions were terminated at precise times by addition of 15 /il of a and EGF (30 ng/ml) (A), added before the agar had hardened. After a 3-week incubation at a nonpermissive temperature (34°C), the numbers of colonies (>0.2 mmin diameter) were counted under a light microscope. ( à" ), colony-forming efficiency of the cells after a 3-week incubation at a permissive temperature (39°C). The data points represent the averages of measurements from triplicate cultures.
that contained various concentrations of growth factors, added before the agar had hardened, and dishes were incubated at a nonpermissive temperature (34°C) or at a permissive temperature (39°C). After a 3-week incubation, the number of colonies (>0.2 mmin diameter) were counted under a light microscope. Fig. 1 shows the effects of insulin on formation of colonies by cs-17-25 cells in soft-agar culture. The efficiency of colony formation increased with increasing concentrations of insulin. At a concentration of insulin of 0.5^g/ml, the efficiency of colony formation reached a maximum value which was similar to that in the case of cells incubated at the permissive temperature. At 1.0 fjtg/ml of insulin, the efficiency decreased sharply but it increased again to a plateau level with increasing concentrations of insulin up to 10 fxg/ml. FGF is known as a competence factor, but it did not stimulate the formation of colonies by cs-17-25 cells in soft-agar cultures at concentrations up to 30 ng/ml. EGF is known as a progression factor, but it too failed and EGF (30 ng/ml) (A), added before the agar had hardened. After a 3-week incubation at a nonpermissive temperature (39°C), the numbers of colonies (>0.2 mmin diameter) were counted under a light microscope. ( à" ), colony-forming efficiency of the cells after a 3-week incubation at a permissive temperature (39°C). The data points represent the averages of measurements from triplicate cultures.
to stimulate the formation of colonies by cs-17-25 cells in soft-agar culture at concentrations up to 100 ng/ml. At the concentration of 3 fjtg/ml, the efficiency of colony formation reached a maximumand remained at a plateau level at higher concentrations. Although the concentration at which colony-forming efficiency decreased sharply was lower than that in the case of cs-17-25 cells, the biphasic IGF-I had no effect on the formation of colonies by hs-21 1 cells in soft-agar culture up to a concentration of 50 ng/ml.
Other thermosensitive clones were also examined. fmoles/106 cells (Fig. 4) Insulin was added at concentrations of 0.02, 0.2 and 2.0^g/ml in 50 fil of reaction mixture that contained 7 fig of partially purified receptors. 10 fi Ci of [f-32P]-ATP were added and the reaction mixture was incubated for 2 min at 34°C or 39°C. After addition of 15 [A of stop solution, 40[A of the entire mixture were analyzed on SDS-PAGE (6.5% gel). The gel was dried and autoradiographed. The effect of insulin on the autophosphorylation of receptors was dose-dependent up to concentration of 2 //g/ml (Figs. 6-8 ). For all clones examined, the density of silver grains at the sites of appropriate bands were a little lower when cells had been cultured at 34°C than when cells had been cultured at 39°C. Wild-type cells and cs-17-25 cells gave heavier bands than normal cells, an indication of the possibility that wild-type cells and cs-17-25 cells contain more receptor protein than do "normal" CHL cells, or that the kinase of the wildtype cells and cs-17-25 cells is more active than that of "normal" CHL cells. CHL cells gave only one major band (96 kD) (Fig. 6) . However, two major bands (96 and 96 kD) were observed in the case of wild-type cells and cs-17-25 cells at both permissive and nonpermissive at 10,000 rpm for 2 min. Tubes were cut at 3 mm up from the bottom, then parts of bottom of tubes containing cell pellets and bound insulin and other parts of tubes containing free insulin were counted in an autogamma counter. Taken together, these results indicate that the thermosensitive lesion (s) in these ts mutants occurs at later steps in the signal transduction that requires the kinase activity of the insulin receptor.
DISCUSSION
This investigation demonstrated that insulin complemented the thermosensitive lesion in five out of nine ts clones and stimulated the formation of colonies in softagar cultures at a nonpermissive temperature. FGF, EGF and IGF-I did not stimulate such colony formation in soft-agar cultures at the nonpermissive temperat ure (Figs. 1 and 2, and Table  I ).
One possible explanation for the enhancement by insulin of the colony-forming ability of these ts mutants at the nonpermissive temperature may be that there is an alteration in the ability of receptors to bind insulin. To determine whether this explanation is correct, the insulin-binding capacity of these cells was examined.
cs-17-25, hs-211 and wild-type cells (transformed CHL cells) were studied in detail. Characteristics of the binding of insulin to these cells were very similar at both permissive and nonpermissive temperatures. There were no significant differences in terms of the dissociation constants of high-and low-affinity receptors and in numbers of insulin receptors per cell among these cells (Figs. 4 and 5, and Table II) , hence this first possible explanation can be rejected. The next possibility is that a decrease occurs in the capacity for phosphorylation of insulin receptors at the nonpermissive temperature. Autophosphorylation of insulin receptors was examined using partially purified receptors obtained from CHL ("normal"), cs-17-25, and wild-type cells by affinity chromatography on a column of wheat germ agglutinin-agarose . The effects of insulin on receptor autophosphorylation were dose-dependent up to a concentration of 2 /ig/ml. In all cases, the density of silver grains on relevant bands was a little lower in samples obtained from cells cultured at 34°C than in those from cells cultured at 39°C. There were no differences in ratio of the density of bands at 39°C to that at 34°C between wild-type and cs-17-25 cells. Therefore, inhibition of cs-17-25 cells in soft-agar culture at the nonpermissive temperature is not the result of any decrease in the kinase activity. Bands from wild-type cells and cs-17-25 cells had more silver grains than those from the "normal" CHL cells, which indicated the possibility that the wild-type cells and cs-17-25 cells contained more receptor protein than the "normal" CHL cells or that the receptor kinase of the wildtype cells and cs-17-25 cells was more active than that of the "normal" CHL cells.
The "normal" CHL cells gave only one band (96 kD) (Fig. 6 ), but two band (96 and 90 kD) were observed in the case of wild-type cells and cs-17-25 cells at both permissive and nonpermissive temperatures (Figs. 7 and 8) . The bands at 96 and 90 kD were phosphorylated to an equal extent, which depended on the dose of insulin, in the case of samples obtained from wild-type and cs-17-25 cells (Fig. 7 and 8 ). In the case of hs-211 cells, the 96-kD and 90-kD proteins were also phosphorylated to an extent that depended on the dose of insulin at both permissive and nonpermissive temperatures (data not shown). These results indicate that the inability of cs-17-25 and hs-21 1 cells to form colonies in soft-agar culture at the nonpermissive temperature is not the result of any decrease in insulin-binding or in the kinase activity of the insulin receptor.
Because insulin at high doses binds to IGF-I receptors and thereby has a biological effect on cells (5, 24), the extent of autophosphorylation of IGF-I receptors was examined. The effects of IGF-I on autophosphorylation were dose-dependent up to a concentration of 100 ng /ml. The 96-kD protein was phosphorylated in a dose dependent manner in the presence of IGF-I but the 90-kD protein was not phosphorylated even in samples obtained from wild-type and cs-17-25 cells.
T he cs-17-25, CHL ("normal") and wild-type (transformed) cells exhibited a slightly higher level of autophosphorylation of the 96-kD protein when cells were cultivated at 39°C than when cells were cultivated at 34°C . This feature was clearer in wild cells than cs-17-25 cells. These results indicate that the inability of cs-17-25 and hs-211 cells to form colonies in softagar culture is not the result of any decrease in binding of IGF-I to the IGF-I receptors or in the kinase activity of IGF-I receptors. These results suggest the possibility that the 90-kD protein is not an insulin receptor but a target of the the protein kinase of the insulin receptor such as a smaller subunit of phosphatidylinositol 3-kinase which is phosphorylated at an early period of stimulation by insulin at tyrosine residues (3, 19). Another possibility is that the 90-kD protein is a truncated insulin receptor that cannot bind IGF-I even at higher doses.
A lthough identity of 90-kD protein is not clear, it is likely that the 90-kD protein plays an important role in transformation of CHL cells to the wild-type, hs-211 and cs-17-25 cells. The down-regulation with insulin of colony formation was observed in the mutant cells at the nonpermissive temperatures. When insulin was present at an appropriate concentration in the soft-agar cultures at the nonpermissive temperature, the colonyforming ability decreased markedly to the level found in the control culture ( Figs. 1 and 2) . One possible interpretation is down-regulation of high affinity insulin receptors observed when insulin is added at high doses (7). Low affinity insulin receptors may then seem responsible for the second peak of colony formation, but this is not the case. Because the number of receptors on cells cultured at the permissive temperature were similar to those on cells cultured at the nonpermissive temperature (Table II) , the decrease in colony-forming ability was not simply due to the down-regulation of numbers of receptors at the nonpermissive temperature, nor was it the result of decreased kinase activity of the insulin receptor since there were no differences between the kinase activities of cells cultured at the permissive and the nonpermissive temperature when compared with that of wild cells . Although the mechanism of inhibition of colony-forming ability of these cells by high doses of insulin at the nonpermissive and permissive temperature is by no means clear, it is possible that this inhibition of cell growth is closely correlated with the ts lesions that were complemented by insulin, with respect to colony formation, at the nonpermissive temperature is soft-agar cultures. In a previous report (15), the ability of the cs-17-25 clone to form colonies in soft-agar culture was shown to be reversibly regulated by temperature-shift treatment. On dishes, mutant cells were able to grow well at both permissive and nonpermissive temperatures, indicating that there are no lesions in the capacity for cell growth itself but that thermosensitivity is exhibited only when cells are suspended in semisolid medium. After a shift in the temperature of incubation from a nonpermissive to a permissive temperature in soft-agar culture, highly synchronized synthesis of DNA and cell division are observed in cs-17-25 cells (14). This result indicates that the cells in semisolid medium are arrested at a fixed point in the Gi phase of the cell cycle at the nonpermissive temperature. The sequence of events that occur during stimulation of growth has been established for BALB/c 3T3 cells (10, 17, 18) . Go-arrested 3T3 cells are first rendered competent by the action of platelet-derived growth factor (PDGF). Other factors provided by platelet-poor plasma then determine the molecular events in the progression of the cell cycle over an approximately 12-h period, allowing cells to enter the S phase. Plasma progression factors can be replaced by a combination of IGF-I and EGF (1, 10). The sequence of events can be divided into two parts, one in which both growth factors (EGF and IGF-I) ate Gi period of cell cycle in semisolid medium (13). Taken together with the above observations, the results obtained in this study suggest that the stage at which proliferation is interrupted in our ts mutants in soft-agar cultures at a nonpermissive temperature occurs late in the GI phase, i.e. during progression phase at which EGF is no longer required. It is also possible that the thermosensitive lesions are associated with a target protein of the kinase activity of the insulin receptor or that they exert their effect later in the pathway of signal transduction. When ts cells were fused with wild-type (transformed) cells and cultured at a nonpermissive temperature in soft-agar cultures, the fused cells proliferated and formed colonies, an indication that the transformed phenotype was dominantly expressed (data not shown). These results indicate the possibility of cloning of DNA fragments that complement the ts phenotype of these cells. Analysis of the ts genes of these mutants should be useful in further attempts to clarify the mechanism of control of anchorage-dependent growth of normal cells and the role of insulin in the passage through the late Gi phase of the cell cycle. 
